We applied modified phylogenetic analysis method of building meta-trees to study the evolutional patterns of various groups of symbiotic genes (nod-genes control the formation of nodules and nif/fix-genes control symbiotic nitrogen fixation). The method consists in the pairwise comparison of topologies and construction combined dendrograms («meta-trees»), where the relative position of the two trees is a measure of corresponding gene phylogenies congruence. Homologues of 18 symbiotic genes (nodABCDIJN, nifABDEHKN, fixABC, fdxB) are present in each test organism (9 strains belong to the genera Bradyrhizobium, Mesorhizobium, Rhizobium, Sinorhizobium and Neorhizobium). These genes were selected for the implementation of this method, as well as the gene 16S rRNA as a traditional taxonomic chromosome marker. We constructed and compared phylogenetic trees for all these genes and then calculated the pairwise similarity coefficients for their topologies. According to the obtained data we built a meta-tree, and there were two statistically distinct gene clusters identified within. Cluster 1 includes mainly nif-and fix-genes and cluster 2 -mostly nod-genes, that is related to the data of separate localization of these gene groups in the rhizobial genomes. The exception is the arrangement of nifB and fixC genes with nodA in cluster 2, as well as co-localization of nodI and nifD in cluster 1. During the identified clusters structure analysis we found strong relationship between the relative gene position and the characteristics of their genome localization in nodule bacteria. Importantly, the differences between clusters 1 and 2 are not expressed less clearly than the differences between nod-and nif/fix-gene groups. It is obvious that clusters 1 and 2 of our meta-tree reflect primarily different mechanisms of nodulation evolution and symbiotic nitrogen fixation associated with the independent origin of the relevant gene groups, and possibly, with their separate horizontal transfer between different groups of rhizobia. Further study of the symbiotic gene evolution in nodule bacteria requires improvements used phylogenetic analysis techniques, including separate analysis meta-tree for rhizobia, representing different stages of symbiosis evolution.
Soil bacteria of the Rhizobiales order are characterized by the ability to enter into symbiosis with leguminous plants, providing them with products for atmospheric nitrogen fixation, which is accompanied by the formation of nodules on the roots, which provide conditions for effective nitrogen fixation and assimilation of ammonium formed as a result of nitrogenase reaction. However, this group of organisms is of interest not only for microbiology, but also for evolutionary genetics of symbiosis. The analyzed model makes it possible to study the mechanisms of evolution of bacterial genes, which control interactions with different groups of eukaryotes [1] .
The formation of nodules and symbiotic nitrogen fixation are complex multi-stage processes that are controlled by the genes of both partners. The symbiotic genes of rhizobia are divided into two main groups: virulence genes (nod genes), responsible for signal dialogue with the host plant, as a result of which nodules [2] are formed on its roots, and the genes necessary for symbiotic fixation of atmospheric nitrogen -the nif genes (control the synthesis and regulation of nitrogenase activity) and fix genes (a heterogeneous group of genes involved in the work of the nitrogenase complex, primarily in its supply with electrons and energy) [3] .
In most nodule bacteria, nod and nif/fix genes are assembled into groups located in the genome as separate clusters, the structure of which varies in different species. For example, in nodule bacteria of alfalfa (Sinorhizobium meliloti and S. medicae), pea (Rhizobium leguminosarum bv. viciae), clover (R. leguminosarum bv. trifolii), goat's-rue (Neorhizobium galegae) and soybean (Bradyrhizobium japonicum), the main nod genes are closely linked, while the nodABC genes are organized into one operon (Fig. 1) . In many rhizobia, the structural genes of nifHDK nitrogenase are one operon and are closely linked to the nifEN genes. Such organization of nitrogen fixation genes is characteristic for representatives of Sinorhizobium, R. leguminosarum, N. galegae and Mesorhizobium loti. However, in B. japonicum, an additional copy of the nifH gene is located outside the nifHDK operon, and the nifA gene is located outside the nif/fix cluster together with the nod genes. -nod genes, -nif genes,
-fix genes, -fdx genes, -non-symbiotic genes; the nodN gene in the genome of R. etli (marked with an asterisk) has a chromosomal localization. The schemes are based on the data of genome sequencing of the studied rhizobial strains [4] [5] [6] [7] [8] [9] [10] [11] .
In evolutionarily advanced species of nodule bacteria (for example, R. leguminosarum), symbiotic genes are located on high-molecular plasmids [12] . At the same time, their chromosomal localization is characteristic for the ancestral form -B. japonicum, and also for M. loti [13] [14] . There are rhizobia, in which only a few symbiotic genes can be located on the chromosome. This is typical, for example, for R. etli: most symbiotic genes are located on the plasmid, and the nodN gene is located on the chromosome [15] (see Fig. 1 ).
For a long time, the molecular mechanisms of the evolution of the legumes-rhizobia symbiosis, numbering 60-70 million years [16] , remained unclear. Only as a result of the methods of high-performance sequencing, when the rapid accumulation of data on the composition and structure of the genomes of vari-ous bacterial species began, the pangenome and metagenomic analysis managed to reconstruct the long path, which micro-and macrosymbionts passed from recruitment into bacterial cells of the nitrogen fixation genes (nif genes) to the development of modern highly specialized legumes-rhizobia symbiotic systems. This process included several stages, in which the groups of genes under consideration were obtained from different sources: nif genes and most fix genes were obtained by ancestral slow-growing rhizobia (Bradyrhizobium) from their freeliving ancestors (Rhodopseudomonas) through vertical inheritance, while the genes for synthesizing lipo-chitooligosaccharide Nod factors responsible for the formation of nodules (nod genes) were obtained from fungi or from gram-positive bacteria during horizontal transfer [17] . The later rapidly growing rhizobia (Rhizobium, Sinorhizobium, Neorhizobium) obtained nod and nif/fix genes from ancestral rhizobia during horizontal gene transfer, which led to the formation of special plasmids (pSym) containing both groups of sym genes.
The connection of the phylogeny of sym genes with the mechanisms of their origin and evolution, as well as with localization in the rhizobia genomes, has not been adequately studied. For its study, we used a new method of phylogenetic analysis with the construction of "meta-trees" -combined dendrograms, in which the relative position of two trees serves as a measure of the congruence of phylogeny of individual genes. Previously, this method was developed and used to analyze alternative phylogeny obtained in the study of functionally different genes in various groups of eukaryotes (yeasts, fish), in which horizontal gene transfer is limited [18] .
In our study, this method was applied to the phylogenetic analysis of two functionally different groups of genes (nod and nif/fix), which are of unequal origin and distributed among taxonomically unrelated groups of rhizobia through both vertical inheritance and horizontal gene transfer. The identified features of the phylogeny topologies constructed for the nodule formation genes and symbiotic nitrogen fixation make it possible to significantly supplement the earlier concept of the directions and mechanisms of the evolution of the gene symbiotic systems in nodule bacteria.
The purpose of the work was to use meta-trees to analyze the contribution of horizontal transfer to the process of evolutionary assembly of the symbiotic gene cluster in rhizobia.
Techniques. Nucleotide sequences of symbiotic genes from the full genomic sequences of 9 representatives of nodule bacteria were used for the analysis: R. leguminosarum bv. viciae 3841 (GenBank GI:115259115) [4] , R. leguminosarum bv. trifolii WSM2304 (GI:209537694) [5] , S. meliloti 1021 (GI:25168258) [6] , S. medicae WSM419 (GI:150031715) [7] , B. japonicum USDA110 (GI:47118316) [8] , M. loti MAFF303099 (GI:47118328) [9] , R. etli CFN42 (GI:89213252) [10] , as well as N. galegae bv. officinalis HA-MBI1141 (GI:659665307) and N. galegae bv. orientalis HAMBI540 (GI:659657635) [11] .
Cluster analysis was performed in the computer program MEGA 5.1 (http://www.megasoftware.net/). The alignment of nucleotide sequences was performed using the ClustalW algorithm; the mathematical model when composing the tree for each gene under study was p-distance, the clustering mechanism -Neighbor-Joining. The numerical expression of similarities of phylogenetic tree topologies was calculated using statistical approaches (implemented using the program presented at http://www.mas.ncl.ac.uk/~ntmwn/compare2trees/index.html) [19] . To construct the meta-tree and analyze the reliability of the clustering, the dissimilarity factors were used, which were calculated as the difference of unit (100%, minuend) and the corresponding similarity factor (subtrahend).
Results. At the initial stage of the work, phylogenetic trees were con-structed for each of the following 18 genes: virulence genes nodA, nodB, nodC (responsible for the synthesis of the core part of the Nod factor) [20] [21] [22] , nodD (in the presence of multiple copies of nodD1, it is a constitutively expressed gene of the flavonoid-sensitive transcriptional activator of nod genes) [23] , nodI, nodJ (genes of membrane transporters of the Nod factor) [24] , nodN (encodes the dehydratase enzyme) [25] ; genes of symbiotic nitrogen fixation fixA, fixB, fixC (components of the electron transport chain of nitrogenase) [26] , nifA (gene of the transcriptional regulator of nif genes), nifB, nifN, nifE (responsible for the synthesis of the Fe-Mo cofactor of nitrogenase), nifD, nifH, nifK (structural components of nitrogenase) [27] , fdxN (ferredoxin). The choice was due to the fact that homologs of these genes are present in all representatives of nodule bacteria selected for analysis. In addition, a traditional chromosomal taxonomic marker, the 16S rRNA gene, was included in the study due to the conservation of its nucleotide sequence and low frequency of horizontal transfer. The methodology for comparing topologies is based on the idea that horizontal transfer of genes from one species of rhizobia to another during evolution introduces significant differences in the topology of the phylogeny of these genes. In the case when the topology of the trees of two genes does not differ, it is assumed that they either do not participate in the horizontal transfer at all, or are transferred together (Fig. 2, A) . At the same time, the discrepancy in the tree topology based on the analysis of the sequences of the same set of strains is a result of the horizontal transfer of symbiotic genes (see Fig. 2, B) . According to these differences in the topology, we can assume how the horizontal gene transfer occurred during evolution. For example, it can be seen that in the tree for the 16S-rRNA gene in one cluster there are two biovars R. leguminosarum and R. etli. Since the 16S rRNA gene is a chromosomal marker, it can be said that clustered together representatives are evolutionarily similar. At the same time, on the tree of the plas-
between the nodule bacteria M. loti and R. etli, or these species obtained this gene from a single source during the horizontal transfer.
Then we compared all the 19 phylogenetic trees obtained in order to identify differences in their topologies. The bioinformatic analysis of the obtained data made it possible to calculate the coefficients of pairwise similarity of topologies for all trees, ranging from 1 (complete congruence of two phylogenies) to 0 (complete absence of congruence). Then the constructed matrix of similarities was converted into a matrix of differences by subtracting the corresponding similarity factors from unit. According to this matrix, a metatree was constructed (Fig. 3) .
It can be seen that on the meta-tree two clusters were reliably identified: the group of nif/fix genes was predominantly concentrated in cluster 1, the group of nod genes -in cluster 2, while the chromosomal marker (16S rRNA gene) did not enter any of the clusters (Table) .
Evaluation of the reliability of the meta-tree clustering in accordance with the average distance inside and between clusters/groups of genes using Student's t-test Comparison of the average distance between tree topologies within one cluster/group, as well as between the trees of one cluster/group and each tree of another cluster/group was performed. The structure of the clusters is shown in Fig. 3 .
Such clustering may indicate that in the evolutionary history of the group of genes, nif/fix genes are not related to each other and to chromosomal genes. It is determined by their independent origin and separate horizontal transfer. Indeed, the difference between the groups of nod and nif/fix genes is expressed not less clearly than the dissimilarity between clusters 1 and 2. However, exceptions were found: the nodI gene, which is located in the nif/fix cluster 1 and is transferred along with the nifD gene, as well as the nifB and fixC genes that enter the nod cluster 2 together with nodA.
As noted above, in the genomes of many nodule bacteria, symbiotic genes are grouped into clusters. In this regard, the joint horizontal transfer of groups of nod and nif/fix genes may be due to the characteristics of their cluster arrangement in the genome (see Fig. 1 ). However, it is not possible to explain the obtained picture only by the specificity of the arrangement of genes on genetic maps. So, in cluster 1, all the structural genes of nitrogenase were identified, with the genes nifH, nifK, nifE and nifN being grouped together. Such clustering of genes corresponds to their location in the genomes, since in all studied organisms the nifHDK genes constitute one operon, to which the genes nifE and nifN are adjacent. The only exception is the localization of the nifN gene outside the nif/fix zone in nodule bacteria of alfalfa (Sinorhizobium meliloti). Together with the same nod genes, nodN was detected in cluster 2, but it was located separately inside the cluster. It should be noted that the localization of nodN in the genome may be different. In some representatives, it is located in the same cluster with the nodABC genes (S. meliloti, S. medicae, R. leguminosarum); in others, it is located separately from the common nod genes. For example, in R. ga-legae, the nodN is located in another nod cluster, and in B. japonicum, M. loti and R. etlioutside the cluster of symbiotic genes. In addition, in R. galegae, the nodN gene has a chromosomal localization.
An interesting result of the analysis was the entry of the nifB and fixC genes into cluster 2 and their grouping together with the nodA gene. It is now known that the genes responsible for the synthesis of the core Nod factor (nod-ABC) are of a non-rhizobia origin. Thus, Hirch et al. [28] analyzed the sequences of bacterial and fungal genes encoding enzymes with catalytic centers similar to those of the nodABC gene products. It was suggested that the nodB and nodC genes could be obtained by rhizobia during the horizontal transfer from gram positive bacteria in which they participate in the biogenesis of the murine cell wall. In addition, these genes could be obtained by nodule bacteria from fungi actively synthesizing chitin-like substances. It is known that many fungi enter into close symbiotic relationships with bacteria, in case of which horizontal gene transfer is quite possible. However, for the nodA gene, homologous sequences in other organisms were not found. Thus, the nodA gene has a different origin than nodB and nodC [28] . In this regard, its clustering, together with the nifB and fixC genes, can indicate their initially simultaneous horizontal transfer from unidentified organisms.
It is important to note that the specifics of genes clustering on a metatree should be influenced not only by their location in modern forms of rhizobia, but also by evolutionary events that took place before, including independent rearrangements of genomes (see Fig. 1 ), what is more, both separate genes and genes containing parts of the genome could change their localization. The example of such rearrangements are the inversion of the nif/fix zone in N. galegae bv. orientalis [18] and the translocation of nifHDKEN genes in R. leguminosarum bv. viciae [11] . There is no doubt that genomic rearrangements have a significant influence on the order of clustering of genes, but the degree of their influence within the framework of the applied model is not clear enough. A significant role in the occurrence of differences in the topologies of the two genes is probably played by the unequal rate of their evolution.
The results obtained in our study do not agree with the data obtained by the methods of molecular phylogeny. Previously, it was shown that the polymorphism of nod genes was formed independently of the divergence of the core elements of the bacterial genome, but correlates with the taxonomy of hosts, whereas the polymorphism of the nif genes correlates with the divergence of the core part of the bacterial genome, but is not associated with the divergence of the host [29] . In our study, the meta-tree method showed the independence of the evolutionary history of both nod and nif/fix genes from the chromosomal marker (16S rRNA gene). Perhaps the method used by us is more sensitive to the influence of evolutionary factors that are not related to the horizontal gene transfer and not taken into account in traditional phylogenetic approaches.
Thus, the results of phylogenetic analysis of nod and nif/fix genes, which we carried out using the method of constructing and analyzing meta-trees, confirm the previously identified differences in the evolutionary histories of these genes. The detection of two clusters, one of which consists primarily of nif/fix genes (cluster 1), and the other of nod genes (cluster 2), may indicate the fact that the compared groups of genes originated at different stages in the evolution of rhizobia (in connection with which they occupy different sites on chromosomes or plasmids of rhizobia), as well as the expression of these genes at different stages of symbiosis development (infection of root hairs and release into plant cytoplasm for nod genes, symbiotic fixation of nitrogen -for nif/fix genes). The presence of some nod genes in cluster 1 and some nif/fix genes in cluster 2 may be due to the fact that in the late stages of the evolution of rhizobia, the whole complex of sym genes was transferred as a whole in the composition of Sym plasmids or genomic islands. We cannot exclude the fact that the absence of correlation between the structures of clusters identified in the analysis of the meta-tree and the location of the studied genes on genetic maps is a consequence of intensive intragenomic rearrangements typical for many rhizobia and different rates of evolution of the primary structure in the studied genes.
Further analysis of the role of these evolutionary mechanisms requires a modification of the approach we used, in particular, of the separate analysis of the structures of the meta-trees constructed using samples of strains that occurred at early stages of rhizobia evolution (when horizontal gene transfer was limited due to the chromosomal localization of sym genes in Bradyrhizobium) or at later stages (when horizontal gene transfer was most intense and most likely captured the entire complex of sym genes located on the Rhizobium and Sinorhizobium plasmids). An important purpose of improving the method used is also to develop statistical and bioinformational criteria for supporting clusters that are detected on meta-trees, since in the first stage of the work we used only standard biometric approaches to solve this problem.
Thus, the phylogenetic analysis of nod and nif/fix genes, carried out using the construction and comparison of meta-trees, confirmed the previously identified differences in the evolutionary histories of these genes. The presence of two clusters in the meta-tree, one of which combines mainly nif/fix genes, and the other -nod genes, may be due to the fact that the stages of evolution of the rhizobia, at which the compared groups occurred, did not coincide, and also due to the expression of these genes at different stages of symbiosis development. The absence of correlation between the structure of clusters in the meta-tree and the results of genetic mapping may be due to intra-genomic rearrangements and the unequal rate of evolution of nucleotide sequences of genes. To improve the method used, it is necessary to develop statistical and bioinformational criteria for supporting clusters that are detected on meta-trees.
